After transmission through the bite of female sand flies, Leishmania spp. can cause a broad spectrum of disease manifestations collectively known as leishmaniases. L. amazonensis is endemic in South America, where it causes cutaneous, diffuse cutaneous, and visceral leishmaniasis. In this study, we have provided evidence that salivary gland extracts (SGE) of Lutzomyia longipalpis enhances L. amazonensis infection. BALB/c mice infected intradermally in the ear with 10 5 metacyclic promastigotes of L. amazonensis together with SGE (equivalent to 0.5 gland) showed an early onset of disease and larger lesions that contained ϳ3-log-units more parasites than did controls. To determine the potential mechanism underlying this enhancement, we assessed cytokine production via reverse transcriptase PCR and enzyme-linked immunosorbent assay. Mice coinjected with parasites and SGE displayed higher levels of interleukin-10 (IL-10) mRNA in the ear tissues, as well as higher levels of IL-10 in supernatants of restimulated draining lymph node (LN) cells, than did controls. Flow cytometric analysis revealed high frequencies of IL-10-producing CD4 ؉ and CD8 ؉ T cells in the draining LN of mice coinjected with the parasite and SGE. In addition, we examined bone marrow derived-macrophage cultures and detected increased IL-10 but decreased nitric oxide (NO) production in cells exposed to SGE prior to infection with L. amazonensis. Together, these results imply that the sand fly saliva facilitates Leishmania evasion of the host immune system by modulating IL-10 production.
Many of the most devastating human diseases are transmitted by insect vectors. There is a unique pairing in nature between pathogens and the vector arthropods that deliver them to a suitable host. Not only do the piercing mouthparts of the insects bypass the epithelial barrier, but also the coinjected salivary gland components include potent vasodilators, bloodclotting inhibitors, and immunomodulating factors that assist their pathogens in establishing successful infections (44) . The first experimental evidence of transmission of leishmaniasis by the bite of sand flies was recorded by Shortt et al. in 1931 (50) , who achieved the transmission of Leishmania donovani to hamsters by the bite of Phlebotomus argentipes. It is now known that all forms of leishmaniasis are transmitted by phlebotomine sand flies (46) . After the transmission of Leishmania through the bite of female sand flies, metacyclic promastigotes can establish infection in cells of the mononuclear phagocyte lineage, within which the parasite exists as a nonmotile, aflagellated, obligatory intracellular form called the amastigote. The vector-host cycle continues once the sand fly feeds on the blood that contains the amastigotes, which transform to promastigotes and replicate extracellularly in the gut of the sand fly.
Leishmania infections can cause a broad spectrum of clinical manifestations, depending on the involved parasite species and the host immune status. The disease is endemic in 88 countries in the tropical and subtropical regions of the world, with at least 12 million people infected and 350 million people at risk of infection (http://www.who.int/emc/diseases/leish/omdex /html). Among the 30 Leishmania species that are known to cause human diseases, L. amazonensis causes primarily cutaneous leishmaniasis, with occasional reports of diffuse cutaneous and visceral leishmaniasis in South America (2, 3) . The phlebotomine vectors of New World leishmaniasis in Central and South America belong to the genus Lutzomyia (46) .
Murine models of cutaneous leishmaniasis are valuable for the study of disease pathogenesis (7) and vaccine development (29, 58) . It is well documented that Laishmania major infection in susceptible BALB/c mice is linked to a strong Th2 response (high interleukin-4 [IL-4] but low gamma interferon [IFN-␥] production) while Th1-type cytokines are prominent in the self-healing mouse strains, such as C57BL/6 and C3H/HeJ mice (42, 47) . It should be pointed out that the nature of the host immune response to L. amazonensis and pathogenic mechanisms of its associated diseases remain poorly understood. Studies from other laboratories, as well as ours, indicate that in contrast to L. major infection, there is no evident polarization in Th-cell differentiation in L. amazonensis-infected mice (12, 24, 40, 52) . Although nitric oxide (NO) production is critical in the control of L. amazonensis infection (53) , as it is also with L. major (19) , a robust IL-4 production is not observed, even in highly susceptible BALB/c mice (24, 52) . In addition, studies with specific gene-deficient mice have indicated that impaired IL-12 responsiveness during L. amazonensis infection is mediated by an IL-4-independent mechanism (25, 27) . IL-10 has been previously implicated in disease pro-gression and long-term persistence of Leishmania in both human and experimental animal infections (5, 10, 30, 37) . IL-10 was initially identified as a product of Th2 cells, inhibiting Th1-cell proliferation, development, and function (15) . It is also known to be synthesized by a variety of other cells, including macrophages (M⌽), monocytes, keratinocytes, dendritic cells, and mast cells (35) . IL-10 can inhibit the production of several proinflammatory cytokines, including tumor necrosis factor alpha (TNF-␣) and IL-1␤, as well as NO, in monocytes and M⌽s (9, 17, 41) . At present, there is limited information about the role of IL-10 in L. amazonensis infection (25, 26) .
It is generally agreed that injecting parasites by syringe does not entirely mimic the natural transmission of and host responses to the parasite because in nature parasites are delivered to the host via the saliva of the sand fly (44, 46) . Recent experimental evidence indicates that the saliva of the vector strongly influences the evolution and outcome of leishmanial infection (6, 49, 55, 57) . In the present study, we examined the role of Lutzomyia longipalpis saliva in L. amazonensis infection, using an ear infection system initially reported by Belkaid et al. (6) . Using a low dose of metacyclic parasites inoculated with salivary gland extracts (SGE) into the ear dermis, we demonstrated that L. longipalpis saliva enhanced the infectivity of L. amazonensis parasites and that vector saliva assisted L. amazonensis infection by stimulating IL-10 production in macrophages and T cells.
MATERIALS AND METHODS
Parasite culture and antigen preparation. Infectivity of L. amazonensis (MHOM/BR/77/LTB0016) was maintained by regular passage through BALB/c mice. Promastigotes were cultured at 23°C in 20% fetal bovine serum-supplemented Schneider's Drosophila medium (Life Technologies, Rockville, Md.). To prepare parasite antigen, promastigotes obtained from stationary-phase culture (10 8 /ml) were subjected to three cycles of freezing-thawing in phosphate-buffered saline followed by a 45-min sonication in an ice bath and then were stored in aliquots at Ϫ70°C. SGE. L. longipalpis sand flies, which originated in the Lapinhã cave in Minas Gerais, Brazil, were reared in the laboratory as described by Modi and Tesh (34) . Salivary glands were dissected from 4-to 6-day-old, non-blood-fed female flies and stored in HEPES buffer at Ϫ70°C. Immediately before in vivo and in vitro experiments, SGE were prepared by three cycles of freezing-thawing followed by a 45-min sonication. For in vitro experiments, SGE were sterilized using syringe filters (pore size, 0.2 m).
Mice and infection. Female BALB/c mice were purchased from Harlan Sprague-Dawley (Indianapolis, Ind.). The mice were maintained under specificpathogen-free conditions and used for experiments at 7 to 8 weeks of age by methods approved by the Animal Care and Use Committee of the University of Texas Medical Branch (Galveston, Tex). Age-matched mice were infected intradermally at the dorsal sites of both ears with 10 5 L. amazonensis metacyclic promastigotes in 10 l of phosphate buffered saline with or without SGE (equivalent to 0.5 gland) by using a 27.5-gauge needle. L. amazonensis metacyclic promastigotes were purified through negative selection with 3A1 monoclonal antibody (a gift from D. Sacks, National Institute of Allergy and Infectious Diseases) as previously described (13) . Lesion diameter in the ear was monitored using a digital caliper (Control Co., Friendswood, Tex.). The Ear parasite load was determined using a limiting-dilution assay (7) .
Preparation of M⌽ cultures. Bone marrow-derived macrophages (BM-M⌽) were prepared as described by Stewart (54) , and were cultured in Iscove's modified Dulbeco's medium supplemented with 2 mM L-glutamine, 10% fetal bovine serum, 1 mM sodium pyruvate, 5 ϫ 10 Ϫ5 M 2-mercaptoethanol (Sigma Chemical Co., St. Louis, Mo.), 100 U of penicillin per ml, and 100 g of streptomycin sulfate per ml. Briefly, bone marrow was flushed with culture medium by using a 23-gauge needle and cells were dissociated by repeated flushing. The cells were seeded in either 24-well plates or 6-well plates (2 ϫ 10 5 cell/ml) in a volume of 1 and 2 ml, respectively, in the presence of 30% (vol/vol) L-cells conditioned medium as a source of M⌽ colony-stimulating factor. Nonadherent cells were discarded on day 3. Adherent cells composing a monolayer were maintained by changing the culture medium every other day for an additional 4 days.
To examine the effect of SGE in infection, cells were treated with medium containing a 0.5-gland equivalent of SGE/ml for 4 h prior to the addition of stationary-phase promastigotes at a parasite-to-M⌽ ratio of 10:1. Infected M⌽ cultures were kept at 33°C in the presence of 5% CO 2 for up to 72 h. The optimal parasite dose, incubation temperature, and SGE concentration were determined in preliminary analyses. For experiments aimed at determining NO levels, control cells were treated with lipopolysaccharides (LPS; 100 ng/ml) at the infection step and used as positive controls. The number of intracellular parasites per 100 cells and the percentage of infected M⌽ were evaluated at 18 to 72 h postinfection. For these experiments, cells were seeded in four-well chamber slides (Nalge Nunc International, Naperville, Ill.) and treated as described above. At the indicated time points, slides were stained with Diff-Quik (Dade Behring AG) and examined under a microscope (magnification, ϫ100).
RT-PCR. Total RNA was extracted from infected mouse ears or M⌽s by using Tri Reagent (Sigma) as specified by the manufacturer. Synthesis of the firststrand cDNA from 3 g of total RNA was achieved using Moloney murine leukemia virus reverse transcriptase. (RT) (Epicentre). PCR was then performed using primers specific for IL-10, IL-4, and hypoxanthine-guanine phosphoribosyltransferase (HPRT), as described previously (43) . Autoradiographs of PCR products were analyzed using a model GS-700 imaging densitometer and Molecular Analyst version 1.5 software (Bio-Rad Laboratories, Hercules, Calif.), and the results were normalized to the density of HPRT for each sample.
Measurement of cytokines by ELISA. Draining lymph node (LN) cells were prepared from infected mice at 1, 2, and 4 weeks of infection and cultured in 24-well plates (2 ϫ 10 6 /ml). The cells were restimulated with L. amazonensis promastigote lysates at a concentration equivalent to 8 ϫ 10 6 /ml. Culture supernatants were harvested after 72 h of incubation and stored at Ϫ20°C until measurement. For in vitro BM-M⌽ cultures, supernatants were collected at 48 h of infection. The sensitivity of the IL-10 enzyme-linked immunosorbent assay (ELISA) was 20 pg/ml. Background IL-10 levels were determined using the supernatants from unstimulated M⌽s and were consistently between 50 and 300 pg/ml in all experiments.
Flow cytometric analysis for intracellular cytokines. Reagents for staining cell surface markers and intracellular cytokines were purchased from BD Biosciences unless specified otherwise. Draining LN cells were collected from individual mice to prepare single-cell suspensions. Cells (2 ϫ 10 6 ) were stimulated with whole parasite lysates (equivalent to 8 ϫ 10 6 parasites) in 24-well plates for 72 h and then briefly stimulated with phorbol myristate acetate (50 ng/ml) and ionomycin (500 ng/ml) for 5 h in complete medium containing Golgi-Stop. The cells were incubated with anti-CD16/32 (clone 2.4G2) for 15 min to block nonspecific binding via the Fc receptors. They were stained with TriColor-labeled anti-CD4 (TC-CD4; Caltag Laboratories, San Jose, Calif.) and fluorescein isothiocyanatelabeled anti-CD8 (53.6.7), then fixed/permeabilized, and incubated with phycoerythrin-labeled anti-IL-10 (JES5-16E3), anti-IL-4 (BVD4-1D11), or anti-IFN-␥ (XMG 1.2). Isotype controls were included in all the assays, as needed. Data were acquired using a FACScan instrument (BD Biosciences) and analyzed using CellQuest software (Becton Dickinson, San Jose, Calif.).
Nitrite assay. The level of nitrite in the M⌽ culture medium was determined by the Griess reaction using a nitrate/nitrite colorimetric assay kit (Cayman Chemical, Ann Arbor, Mich.). In brief, nitrate present in the sample was reduced to nitrite by the addition of NADPH in the presence of the enzyme nitrate reductase. End product NO 2 Ϫ was assayed by the Griess reaction. The absorbance was measured at 540 nm, and the NO 2 Ϫ concentration was determined by comparison with a standard curve of NaNO 2 and expressed as micromoles per milliliter.
Statistical analysis. Whenever variances were equal, the t test for paired data was used to assess differences between groups. If the assumptions for the t tests were violated, the Wilcoxon rank sum test was used instead, as in Table 1 . All data from parasite numbers were log transformed before statistical analysis was conducted. Differences were considered significant at P Ͻ 0.05. surable lesions were seen at 3 weeks in the SGE group and at 5 to 6 weeks in the control group (Fig. 1A) . During the 8-week observation period, the lesions in the SGE group were significantly larger than those in the control group ( Fig. 1A and B, P Ͻ 0.05). To exclude the possibility that SGE directly elicits additional inflammatory responses without affecting the parasite, we determined the parasite load in infected ears by using a limiting-dilution assay. At 8 weeks of infection, the average parasite number in the SGE group was 3 log units higher than that in the controls (Fig. 1C , P Ͻ 0.05). These data indicated that L. longipalpis saliva significantly enhanced the infectivity of L. amazonensis parasites.
RESULTS

SGE of
SGE promotes IL-10 and IL-4 production in draining LN cells.
A number of scenarios can occur as a result of the SGE coinjection, contributing to enhanced infectivity of the parasite. To understand whether an altered T-cell response is one of them, we examined the production of several cytokines (IL-2, IL-4, IL-6, IL-10, TNF-␣, and IFN-␥) following restimulation of T cells with parasite antigens. At 1, 2, and 4 weeks of infection, draining LN cells were collected and stimulated in vitro with parasite lysates. Culture supernatants were harvested at 24 h (for IL-2) or 72 h (for other cytokines) and measured by ELISA. Consistent with previous studies of coinjecting sand fly saliva with L. major and L. braziliensis (6, 32, 33) , we detected increased production of IL-4 in the SGE group compared to the infection controls at 1 week postinfection ( Fig. 2 , P Ͻ 0.05). Of note, we also found a significant increase in IL-10 production ( Fig. 2, P Ͻ 0.05) . Surprisingly, the increase in IL-4 and IL-10 production in the SGE group was very brief, being seen at 1 week postinfection but not at other time points examined. This disparity in cytokine production did not extend to IL-2 ( Fig. 2) or other cytokines such as IL-6, TNF-␣, and IFN-␥ (data not shown).
To validate the cytokine profiles and to identify the source of the cytokines, we collected draining LN cells from individual mice at 1 week of infection and stimulated them with parasite lysates for 3 days and then briefly with phorbol myristate acetate-ionomycin. The cells were stained for intracellular IL-4, IL-10, and IFN-␥, as well as surface expression of CD4 and CD8, and then analyzed by flow cytometry. As shown in Fig. 3 , higher percentages of IL-10-producing cells were detected in CD4 ϩ and CD8 ϩ T-cell subsets in mice coinjected with parasite and SGE than in the infection controls (P Ͻ 0.01). The frequencies of IL-4-and IFN-␥-expressing cells were very low in both groups of mice (data not shown). Together, these results suggest that an early and brief induction of IL-10 and, to a lesser extent, of IL-4 resulting from SGE coinjection is sufficient to alter T-cell-mediated immune responses and exacerbate disease progression. well as systemic responses can skew cytokine profiles and hence the outcome of the infection (48) . To examine whether the observed events in draining LNs are associated with local events, we assessed the immune response in ear tissues. Total RNA was extracted from ear tissues of individual mice at 1, 2, and 4 weeks of infection, and RT-PCR was performed to evaluate the expression of IL-10, IL-4, and HPRT. As with IL-10 production in draining LNs, the increase in IL-10 gene expression in the ear tissues was transient. The intensity of normalized IL-10 levels in the SGE group was about two-to threefold higher than in the infection controls at 1 week postinfection ( Fig. 4 , P Ͻ 0.05). No significant differences were detected at later time points (data not shown). IL-4 gene expression was not detected in two experimental groups at the tested time points (data not shown). These results are consistent with our previous studies with IL-10-and IL-4-deficient mice (25) , suggesting a role for IL-10, but not IL-4, in the susceptibility of mice to L. amazonensis infection. SGE alters IL-10 and NO production, but not parasite infection, in cultured M⌽s. M⌽s play a central role in the immune response to Leishmania infection, serving as the main targets for parasite replication as well as the effector cells for intracellular killing. Given the dramatic increase in tissue parasite load in mice coinjected with SGE ( Fig. 1) , we asked whether saliva has a direct effect on M⌽ functions. To examine whether SGE alters IL-10 production by M⌽, we infected BM-M⌽s in the presence and absence of SGE (equivalent to 0.5 gland/ml). Total RNA was harvested at 18, 36, and 48 h postinfection, and RT-PCR was carried out to assess mRNA abundance for IL-10 and HPRT. A representative PCR result at 36 h postinfection is shown in Fig. 5A . Overall, the levels of IL-10 mRNA were significantly higher in cells pretreated with SGE than in the infection controls (Table 1 , P Ͻ 0.05). Likewise, the levels of IL-10 detected by ELISA were significantly higher in the supernatants from SGE-treated, L. amazonensisinfected cells (Fig. 5B , P Ͻ 0.05). The direct effect of SGE on IL-10 production in the absence of parasites was evaluated in several in vitro experiments. However, the levels of IL-10 in M⌽ treated with saliva alone (0.19 Ϯ 0.15 ng/ml) did not reach statistical significance in comparison to the medium controls. These results suggest additional use of the salivary components by the parasite in altering the host immune system. Intracellular killing of Leishmania parasites by murine M⌽s depends mainly on the production of reactive oxygen interme- diates and reactive nitrogen intermediates, in particular NO (8, 19, 60) . NO production in M⌽s is catalyzed by an inducible nitric oxide synthase, which is activated by a range of immunological stimuli or microbial products, such as TNF-␣ and LPS (8) . To examine the effect of SGE on NO induction, we determined NO levels in BM-M⌽ cultures. Following treatment with SGE (0.5 gland/ml), M⌽s were infected with stationary-phase promastigotes (10 parasites per cell) in the presence or absence of LPS (100 ng/ml). Consistent with previous reports (33, 61) , the addition of SGE significantly suppressed parasite-induced NO production ( Fig. 6 , P Ͻ 0.05). While cells infected with parasites and activated with LPS produced the highest levels of NO (17.3 Ϯ 3.7 M/ml), this production was also significantly suppressed by SGE (10.3 Ϯ 0.6 M/ml) (P Ͻ 0.05). Given the evident effect of SGE on IL-10 and NO production, we then examined the possibility that SGE could directly enhance parasite uptake or intracellular growth. After treatment with SGE (0.5 gland/ml) for 4 h, BM-M⌽s were infected with promastigotes at different parasite-to-cell ratios (2:1 to 10:1) in triplicate. At different time points, cells were stained with Dif-Quik and counted microscopically (at least 500 cells per well). At an infection dose of 4:1, the average infection rates were 23.9 and 24.4% whereas the average parasite numbers per 100 infected M⌽ were 365 and 367 at 48 h postinfection in the presence and absence of SGE, respectively. Overall, we found that SGE did not significantly change the infection rate or intracellular growth of the parasite (data not shown).
DISCUSSION
This study has indicated that L. longipalpis SGE can significantly enhance the infectivity of L. amazonensis metacyclic promastigotes in BALB/c mice. Coinjection of parasites with SGE results in an earlier onset of symptoms and more extensive lesion development with higher parasite burden than that of the infection controls (Fig. 1) . The exacerbated course of infection is accompanied by an early but brief increase in IL-10 production in both the draining LN cells and ear tissues (Fig.  2 to 4) . When parasite infection was initiated in the presence of SGE, BM-M⌽s became compromised in their levels of NO production and produced higher levels of IL-10 ( Fig. 5 and 6 ). Furthermore, this early and transient increase in IL-10 production may significantly skew the type of immune responses and promote disease progression in L. amazonensis-infected mice. These observations are important in our understanding of the pathogenic mechanisms of cutaneous leishmaniasis caused by this New World parasite species.
Although promastigotes of many Leishmania species can readily grow in various cell-free culture media, the virulence of these promastigotes and the host immune response to them vary significantly. Titus and Ribeiro have demonstrated that sand fly saliva dramatically enhances the infectivity of L. major in mice and that this enhancement is specific to the saliva of phlebotomine but of other blood-feeding arthropods (57) . The effect of sand fly saliva in murine models of cutaneous leishmaniasis has been subsequently documented at different settings for infection with L. major and L. braziliensis (6, 18, 28, 33, 49, 55) ; however, the precise mechanism(s) underlying this enhancement has not been fully elucidated yet.
Sand fly saliva contains various substances that can alter the local hemostasis, enabling the fly to take the blood meal without clotting from its mammalian host (44, 46) . The natural vector for L. amazonensis is Lutzomyia flaviscutellata; however, rearing this species in laboratories is very difficult. L. longipalpis is capable of transmitting L. amazonensis under experimental conditions (31, 62) , and its saliva components have been extensively investigated at the level of molecular genetics and protein chemistry, as has the host immune response to the saliva (62) . One of the defined proteins of L. longipalpis sali- 6 . Pretreatment with sand fly SGE reduces NO production by L. amazonensis-infected M⌽s. BM-M⌽ were cultured in 24-well plates and treated with SGE (0.5 gland/ml) for 4 h prior to infection with stationary-phase promastigotes. Infection was performed at a 10:1 parasite-to-cell ratio in the presence or absence of LPS (100 ng/ml). Supernatants were collected at 48 h postinfection to evaluate the level of nitrite. Results are presented as mean and standard deviation of four replicates for each group. Shown is a representative of three independent experiments. *, P Ͻ 0.05. vary contents, maxadilan, has been shown to exacerbate L. major infection to a degree comparable to that for the whole saliva, while vaccination against maxadilan can protect mice against infection with L. major (36) . In addition to maxadilan, other sand fly salivary components can alter host immune responses (28, 45, 46, 58) . It has been suggested that sand fly saliva can modulate host immune responses in a nonspecific manner, suppressing immune responses to sheep red blood cells in vivo and T-cell responsiveness to concanavalin A stimulation in vitro (56) . The immunosuppressive effect of saliva for L. longipalpis and P. papatasi (an Old World species) in L. major infection is associated with enhanced IL-4 production, since this effect can be abrogated in IL-4-deficient mice or in wild-type mice treated with anti-IL-4 monoclonal antibody (6, 32, 33) . The importance of IL-4 in L. major infection is further supported by the observations that the frequency of epidermal cells producing Th2 cytokines, mainly IL-4 and IL-5, is significantly increased in the presence of the salivary gland sonicates (6) . In contrast to these reports, however, Kamhawi et al. have recently demonstrated that the severity of disease in IL-4-deficient mice infected by bites of L. major-infected P. papatasi sand flies is not reduced in comparison with wild-type controls (29) , suggesting that IL-4 may not play a major role in modifying the outcome of L. major infection. Along these lines, it has been reported that following the bites of infected sand flies, epidermal cells produce low levels of IL-4 and no detectable levels of IL-5 (18) . It is known that the contribution of IL-4 in L. major infection varies, depending on the infection systems (39) . Other immunomodulatory mechanisms of sand fly saliva are associated with the inhibition of M⌽ functions, including antigen presentation and IFN-␥-induced nitric oxide synthase gene expression and NO production (22, 61) . In light of our data that enhanced production of IL-4 was only transiently observed in draining LN cells of mice coinoculated with parasites and SGE (Fig. 2) but not in the lesions, we speculate that IL-4 is not the main modulator in saliva-assisted disease enhancement in this study. Our previous studies with IL-4-deficient mice also support this conclusion, since we found that IL-4 does not contribute to the infection with L. amazonensis because phenotypes of infected IL-4-deficient mice were identical to those of the wild-type controls, as judged by lesion sizes, tissue parasite burdens, and levels of cytokine/chemokine gene expression (25) .
IL-10 is a cytokine produced by a number of cell types and has diverse immunomodulatory properties in mice and humans (9, 35) . It can suppress many effector functions of monocytes and M⌽, including the release of proinflammatory monokines and chemokines, as well as the production of NO and H 2 O 2 (35) . The role of IL-10 in promoting disease progression following L. major infection is supported by a significant reduction in lesion development in IL-10-deficient BALB/c mice (30) and enhanced susceptibility of transgenic mice with overexpression of IL-10 in antigen-presenting cells (21) . At concentrations above 10 ng/ml, IL-10 can almost completely inhibit the killing of intracellular Leishmania organisms, while the addition of anti-IL-10 neutralizing antibody or IL-10-specific antisense oligonucleotides leads to an enhanced killing of parasites after stimulation with either IFN-␥ or IL-7 (59). It has been suggested that IL-10-blocking agents could be administrated as a possible approach to compensate for conventional therapy to achieve an efficient, sterile cure for human visceral or cutaneous leishmaniasis (5, 30, 38) .
At present, there is limited information on the role of IL-10 in sand fly-mediated enhancement of cutaneous leishmaniasis in animals. It has been reported that enhanced disease in mice coinfected with L. braziliensis and L. longipalpis saliva or with L. major and P. papatasi saliva is not correlated with increased IL-10 production (32, 33). However, in other studies it was observed that L. longipalpis maxadilan significantly induced IL-10 production in vitro and in vivo (11, 51) . In the present study, we also found a significant increase in the expression of IL-10 in ear tissues and in draining LN cells of mice coinfected with SGE; however, these changes were observed only at 1 week postinfection. It appears that both CD4 ϩ and CD8 ϩ T cells contribute to the enhanced production of IL-10 in the SGE group by the first week of infection (Fig. 3) . Furthermore, M⌽s pretreated with SGE and then infected with L. amazonensis promastigotes produced high levels of IL-10 ( Fig. 5 , Table 1 ). These results provide strong evidence that exposure to sand fly saliva can skew the initial cellular responses to the parasites and the course of leishmaniasis, leading to enhanced disease progression.
This study indicates that an early increase in IL-10 production makes mice more susceptible to L. amazonensis infection. Several mechanisms are likely to be responsible for this enhancement. First, IL-10, can act to prevent antigen-specific T-cell proliferation and cytokine production (9, 41) by downregulating the surface expression of class II major histocompatibility complex MHC and costimulatory molecules, such as CD80/B7.1, CD86/B7.2, and intercellular cell adhesion molecule 1 (ICAM-1), on antigen-presenting cells, mostly dendritic cells (9, 22) . Second, sand fly saliva may modulate host immune responses to the parasite at the level of dendritic cell maturation and T-cell responsiveness by virtue of IL-10 production. At present, there are no reports of whether sand fly saliva has any direct effect on dendritic cells. Since the natural transmission requires deposition of the parasites into the dermal layer, the responsiveness of Langerhans' cells and dendritic cells to parasite infection in the presence of sand fly saliva warrants active investigation. Although the molecular basis of how sand fly saliva modulates IL-10 production remains unclear, available evidence suggests that increased levels of cyclic AMP (in the case of L. Longipalpis) (20) and 5Ј-AMP and adenosine (in the case of Phlebotomus) (45) are responsible for many activities of sand fly saliva, including vasodilatory activity and suppression of cytokine signaling pathways and cytokine expression in human leukocytes (20, 45) . While these components promote IL-10 promotion, they suppress TNF-␣, NO, and IL-12 production in murine M⌽s (14, 16, 23, 45) . Therefore, it is not surprising to find a direct correlation between high IL-10 production and L. amazonensis infection in the presence of L. longipalpis saliva.
Saliva-mediated uptake of promastigotes and intracellular growth of the parasites are documented in M⌽ infection of L. infantum with P. papatasi saliva (64) but not in coinfection of L. major with P. papatasi saliva (22) . We did not detect increased infection rates or parasite numbers per infected M⌽ following in vitro treatment with SGE (data not shown). Possible explanations for this discrepancy may involve the differences in parasite species and dose or culture conditions used in these VOL. 72, 2004 SAND FLY SALIVA AND IL-10 PRODUCTION IN L. AMAZONENSISstudies. It is also highly possible that saliva-mediated disease development can be achieved by more than one mechanism, including enhanced recruitment of immature target cells (M⌽ and dendritic cells) for infection and suppression of their killing mechanisms. Sand fly saliva has chemotactic effect on murine M⌽ (1, 64) . Availability of M⌽ at the site of inoculation is a crucial factor for the preliminary establishment of Leishmania infections in the skin, because parasites that fail to invade M⌽ are quickly eliminated by the cytotoxic activity of NK cells, neutrophils, and eosinophils in the vertebrate host. In summary, this study demonstrates that L. longipalpis saliva significantly enhances L. amazonensis infection and provides evidence for the first time that this enhancement correlates with an increased production of IL-10 by T cells and M⌽s. It remains to be investigated whether IL-10 is the sole mediator by which sand fly saliva assists Leishmania infection or whether IL-10 acts with other mediators such as transforming growth factor ␤ (4, 63). At this stage, it remains unclear whether there are differences in the nature or kinetics of cellular recruitment at the site of parasite injection in the presence or absence of sand fly saliva. Further studies will be directed at verifying the molecular basis of this enhanced infection and the mechanisms by which sand fly saliva modulates host immune responses to the parasite.
